Sensing and telecommunication applications requiring the bending of optical fibers to small diameters are on the increase. Recent work has shown that the centre wavelength of fiber Bragg gratings has a bend dependence the magnitude of which varies with the type of fiber in which the grating is written. In this work the basis of the centre wavelength shift is investigated by modeling the effects of several potential causes for standard and depressed cladding fiber designs. The majority of the expected affects, including bend induced stress and mode field deformation, were found to result in small wavelength shifts in the opposite direction to those observed experimentally. However, a new account of the shift, based on simplistic geometrical optics, does show wavelength changes in the observed direction, of up to -0.15 nm, which is in the range of the experimentally measured shifts.
INTRODUCTION
One of the key requirements when designing systems used in sensing or telecommunications is to avoid factors which degrade the signal of interest. In optical fiber sensing applications extensive work has been carried out to avoid problems of cross-sensitivity encountered in many of the sensing mechanisms that have been proposed. This is a key problem in fiber Bragg grating (FBG) -based sensors in which the grating pitch shows cross-sensitivity to both temperature and strain, and a range of measurement schemes have been developed to compensate for this [e.g. references [1] [2] [3] [4] . In optical fiber telecommunications systems reductions in signal strength can cause a loss in the signal and can necessitate potentially costly increases in the optical power budget to compensate.
In both optical fiber-based sensing and telecommunication systems there are an increasing number of applications in which limited size and access affect system design (e.g. optical fibers used in biomedical applications and fiber-to-thehome). A major issue with these small form factor applications is that optical fibers are often required to be bent to relatively small diameters. Standard single mode optical fibers for telecommunications applications are typically designed for use where bend diameters do not go below around 30 mm. 5 As the bend diameter of standard telecommunications fiber is progressively decreased below 30 mm the light transmission losses begin to increase eventually leading to loss of signal. 6 To overcome this potential problem a range of optical fiber designs have been developed which minimize transmission losses due to bending. This is typically achieved by increasing the confinement of the light in the core of the fiber which reduces the interaction with the cladding from which losses can occur. 7, 8 Optical fiber Bragg gratings are required in many telecommunication and sensing systems in which space and access, and hence bending, is an issue. Recent work has shown that bends can cause a shift in the center wavelength of an FBG, the magnitude of which depends upon the fiber type in which the grating is written. 9 Such a shift can potentially cause problems with the use of these devices and therefore it is useful to understand the cause of the shift and the fiber type dependence. Much of the previous work on bend effects and FBGs has looked at gratings where the refractive index changes are not in the center, and hence neutral axis, of the fiber. 10, 11 As such when the fiber is bent the grating will be subjected to either compressive or tensile stresses depending on the position of the grating relative to the neutral axis and the bending direction. Changes in the properties of cladding modes of standard 12 and long period 13 gratings due to bending have also been investigated. Breaking of the symmetry between normally degenerate spatial cladding modes and coupling to a serial of LP 1,m (m = 1, 2,3. . .) cladding mode have been used respectively to explain these effects.
The cause of the bend induced wavelength shift of standard FBGs, with uniform refractive index changes across the core located in the center of the fiber, has yet to be explained. The aim of the paper is to model some of the likely mechanisms of the wavelength shift including any differences that may arise due to fiber design changes for low bend loss fibers.
EXPERIMENTAL DATA FOR BENT FIBER BRAGG GRATINGS
The effect of bends on the optical properties of FBGs has been studied for gratings written in a variety of fiber types. 9 Here we show some indicative results for gratings written in a standard telecommunications fiber (Corning, SMF-28), a common photosensitive fiber (Nufern, GF1) and a low bend loss fiber (Newport, F-SBC). A continuous-wave (CW) frequency-doubled argon-ion laser (244 nm) was used to write the gratings in the 1550 nm region with a scanning beam phase mask method. The gratings were designed to be 2 mm long with transmission loss of ~10 dB at the Bragg wavelength. The sections of jacket stripped for FBG fabrication were re-coated with a UV-curable polymer prior to testing.
The bending tests were carried out with the FBGs bent 180° between the arms of a vernier caliper, with the distance between the arms used to determine the bend diameter. This arrangement avoids the introduction of unknown tensile strain typical with the mandrel method. Care was taken to ensure that the FBG was located in the center of the bend. FBG spectra were recorded using a swept wavelength system (JDS Uniphase, resolution 3 pm) when the grating was bent at diameters between 30 and 6 mm. To avoid one-off effects a number of individual gratings were tested for each of the fiber types. As discussed in reference 9 the effect of fiber rotation on FBG spectra has also been studied during bending, but was found to be relatively small compared to the FBG sample-to-sample variability in a particular fiber type.
The center wavelengths of the transmission dip of FBG spectra were determined by taking the mid-point between the 3 dB points. Corrections to the spectra were made for bend-induced broadband wavelength dependant losses and any thermally induced wavelength shifts.
An example of the shift in the Bragg wavelength of a grating written in GF1 at various bend diameters is shown in Figure 1a . The average wavelength shift of FBGs written in different fibers as a function of bend diameter is given in Figure 1b , where the error bars are the standard error for measurements taken with different FBG samples. There is an obvious negative shift in the Bragg wavelength as the bend diameter is reduced, the magnitude of which clearly depends upon the type of fiber in which the gratings are written. Additional analysis of the width of the transmission dips (full width at half maximum) indicates that bending has an almost negligible effect on this parameter. 
MODELLING
There are a number of different fundamental mechanisms that can influence the optical properties of bent optical fibers and therefore may be responsible for the observed shifts in Bragg wavelength with bending. In this section we investigate several of the possible causes.
One of the main factors that affects the bend performance of an optical fiber is the design of the refractive index profile. While the profile of standard SMF-28 fiber is relatively well known the exact refractive index profile of the other fibers used in these experiments (i.e. GF1 and F-SBC) is unknown. Two of the common refractive index designs of low bend loss fibers are shown in Figure 2 , compared with that used in standard single mode telecommunications fiber. In this work we have chosen a standard step-index and a depressed cladding structure to use in the modeling of bend effects on FBGs. Details of the fiber parameters used in the modeling are given in Table 1 , based largely on Corning SMF-28 fiber. 14 For both fiber types values for the Poisson's ratio (ν) of 0.17, and for the components of the elasto-optical tensors P 11 and P 12 of 0.12 and 0.27 respectively were used. Table 1 . Optical fiber parameters used in the modeling of bend effects.
Step-index fiber Depressed Cladding Fiber 
Stress induced refractive index changes
When a fiber is bent, strain induced in the fiber causes a change in the refractive index due to the elasto-optic effect. 15 The strain induced in the fiber is given by the following equation: 
where (x′, y′) are the points in the cross-section of the unbent fiber corresponding to (x, y) in the bent fiber, n s (x′, y′) is the fiber's unbent refractive index and R is the radius of bending.
Substituting the material constants for a step-index fiber (Table 1) at a bend diameter of 6 mm into equation (1) gives:
The resulting index profile across the bend is shown in Figure 3a . As this figure shows the average change in the refractive index of the core due to stress is effectively zero, and therefore if the mode were not affected the Bragg wavelength of a grating centered in the core should not be affected.
Mode field deformation due to bending
To understand the effects of curved geometry on the transmission of light in a bent optical fiber, it is common to use a conformal transform to effectively straighten the fiber to allow waveguide and mode simulations to assume a straight waveguide. 16 The effective refractive index from a conformal transform can be given as 17 :
where
and n(x'(u),y') is the refractive index of the fiber after accounting for stress induced changes.
For practical purposes ' x u ≈ so the refractive index profiles from just the stress induced changes and the conformal transform can be compared. It is clear from Figure 3b that the geometric effect opposes and swamps the stress effect. 
Mode propagation
To understand the behavior of light due to the different refractive index profiles, the beam propagation method was used to calculate the mode index structure. 18 For modeling purposes, a 2D slab waveguide model was used instead of a 3D model. Shifts in the mode index are comparable with shifts calculated by Schermer 17 in a 3D fibre. Although the modes in a bent waveguide are lossy, as a first approximation it is assumed that the modes are lossless or weakly lossy so that a slowly varying envelope approximation is valid. 17 The predicted Bragg wavelength can then be calculated from the mode structure and parameters using the coupled mode approximation. For a change in the fiber bend diameter of 30 mm down to 8 mm the resulting mode index shift was calculated to be 1.5×10 -4 and 0.9×10 -4 for the step-index and depressed cladding fibers respectively. This however would cause positive increases of the Bragg wavelength of +0.156 nm and + 0.099nm for gratings in these fibers, unlike what was observed experimentally (see Figure 4) . It is interesting to note that the different refractive index profiles of the two fiber types results in a smaller shift for the depressed cladding fiber. 
Effect of incidence angle
Another effect arises when ray theory/geometrical optics is used to study the variation in angle between the rays and Bragg planes. If a straight 2D waveguide is considered, each mode can be thought of as a pair of plane waves at the same angle with respect to the waveguide axis.
Therefore the total waveform ) , ( y x ψ in the waveguide is of the form: When the fiber is bent however this has the effect of locally changing the angle of the plane waves relative to the Bragg planes, by a small angle, (say φ ), as shown in Figure 5 For this case the average Bragg wavelength of the two plane waves can be approximated locally as:
The Bragg wavelength, for the entire bent grating (as a function of R, the bend radius), can then be approximated by the average local Bragg wavelength, to yield:
When the relative Bragg wavelength is plotted against bend diameter, a reduction in the Bragg wavelength is observed with reduction in bend diameter (see Figure 6 ) which follows the experimentally observed trend. 
Combining effects
When all of potential mechanisms discussed above are combined, an overall decrease in Bragg wavelength is observed. As shown in Figure 7 a larger shift is observed for the depressed cladding fiber. This is caused by the difference in the amount of positive wavelength shift due to mode field effects for the different fiber types. Overall the wavelength shift when the bend diameter is decreased from 30 mm down to 8 mm is -0.094 nm for the step-index cladding fiber and -0.149 nm for a depressed cladding fiber. The magnitude of these wavelength shifts are similar to those observed experimentally for gratings in the SMF-28 and F-SBC fibers respectively. Figure 7 . Theoretical bend induced shift in the Bragg wavelength of gratings written in step-index and depressed cladding fiber when the combination of refractive index changes due to stress, mode field effects and changes in the effective incidence angle when considering geometrical optics are taken into account.
DISCUSSION
Experimental results have shown that the centre wavelength of the transmission dip of FBGs shift to shorter wavelengths when bent to a decreasing diameter. For the FBGs tested the rotational dependence on the bend induced shift was minimal compared to the grating-to-grating dependence for a particular fiber type. This suggests that previous explanations of the FBG bend dependence arising due to simple tensile or compressive stresses on the FBG which was not in the center of the fiber cannot be used to explain the observed shifts. When a fiber is bent the fundamental core mode tends to shift from the center of the core to the outside of the bend 17, 19 . This would effectively result in an increase in centre wavelength of a grating as the bend diameter is decreased, which again is a shift in the opposite direction from what was observed experimentally. The stress induced changes in the refractive index profile somewhat oppose this shift, slightly reducing the total change. Interestingly however the magnitude of the modal effect on the shift in Bragg wavelength appears to depend upon the design of the refractive index profile of the fiber, with the modeling suggesting a depressed cladding design has a smaller bend dependence compared with a step-index design.
A relatively simplistic analysis of the effect of bending on the incidence angle of rays relative to the refractive index changes of a Bragg grating suggests on average a smaller path difference between reflections from consecutive refractive index changes in the grating, which therefore effectively shifts the Bragg wavelength to shorter wavelengths.
When the above mechanisms are combined a shift in the centre wavelength of a grating to shorter wavelengths is predicted as the fiber bend diameter is decreased, which matches the experimental observations. An increased negative wavelength shift is predicted for the depressed cladding refractive index profile, in comparison to a step-index profile, as for the depressed-cladding design has relatively smaller positive shifts due to modal effects.
It is important to note that this modeling is in the early stages, and that there may be other mechanisms involved that have not been included. Further work, including an accurate measurement of the refractive index profiles of fibers, is required in order to fit the theory to the experimental results. In addition to the two fiber designs studied theoretically it would be useful to investigate the performance of other fiber designs such as high refractive index/small core and the trench design.
CONCLUSION
The experimentally observed shift in the centre wavelength of FBGs has been theoretically modeled. It is proposed that the main cause of the shift to shorter wavelengths can be accounted for, using geometrical optics, by changes in the effective incidence angle due to bending.
